Objectives: Rhotic sounds are known to be among the later developed sounds in young children, especially for those with speech sound disorders. Despite this fact, not many stu dies have examined the characteristics of rhotic vowels. Adults' productions of rhotic vow els have not been well investigated in spite of a relatively large literature on rhotic conso nants. This study examined the acoustic characteristics of rhotic monophthongs and diph thongs to see if certain phonetic contexts require less demanding articulatory movements or are different in vowel duration from other contexts, and thus work as a facilitating con text for the acquisition of rhotic vowels. Methods: Ten monolingual female adult speakers of Western Canadian English produced 36 target words containing two rhotic monoph thongs ([ɝ] and [ɚ]), and four rhotic diphthongs (/ɪ͡ ɚ/, /ɛ͡ ɚ/, /ɔ͡ ɚ/, and /ɑ͡ ɚ/) in both open and closed syllables. Acoustic analyses were performed to extract F2 and F3 values across the vowel duration, as well as the duration for each vowel. Results: Constantly low F3F2 val ues were found for rhotic monophthongs and rhotic diphthongs with front prerhotic vowels, but steeper downward movement was found for rhotic diphthongs with back pre rhotic vowels. Stressed and unstressed rhotic monophthongs showed similar acoustic pat terns, except for [ɝ] which was slightly longer than [ɚ]. Across four rhotic diphthongs, no clear durational difference was found. Conclusion: Differences in acoustic patterns by pho netic contexts across six different rhotic vowel types suggest that certain phonetic con texts could provide more salient perceptual cues and thus facilitate relatively easier mas tery of sounds over others for young children. Acoustic characteristics, as well as articulatory configuration of rhotic sounds, have been studied extensively. The two main articulatory configurations for the production of rhotic sounds include "bunched" (tongue dorsum raised and tongue tip lowered) and "retroflex" (tongue tip raised and tongue dorsum lowered), whose supralaryngeal constrictions are made at three different locations: pharynx (narrowing), palatal vault, and at the lips (e.g., Alwan, Narayanan, & Haker, 1997; Delattre & Freeman, 1968) . However, studies have shown that articulatory configurations for the production of the American English phoneme /r/ vary substantially depending on the given phonetic contexts or the speakers (e.g., Dehttp://dx
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• Acoustic Characteristics of Adults ' Rhotic Vowels lattre & Freeman, 1968; Espy-Wilson & Boyce, 1994) . In particular, tongue shapes are known to vary largely. Despite the different articulatory configurations required for the production of rhotic sounds, acoustic cues that mark rhoticity, however, are very stable across different phonetic contexts and speakers (e.g., Boyce & Espy-Wilson, 1997; Delattre & Freeman, 1968; Guenther et al., 1999) .
Generally, the F3 values of rhotic sounds are below 2,000 Hz (Hagiwara, 1995) and are often so low that they seem to be merged with F2.
These findings on the articulatory configurations and acoustic characteristics of rhotic sounds are mostly based on rhotic consonants. Some studies have included rhotic vowels, but are often limited to rhotic monophthongs; studies of rhotic diphthongs are scarce.
There are a few studies that have examined one or two types of rhotic diphthongs (e.g., McGowan, Nittrouer, & Manning, 2004) .
However, it is still not well understood whether the rhotic diphthongs, especially different types of rhotic dipthongs, show similar acoustic characteristics to rhotic consonants or rhotic monophthongs.
Understanding the characteristics of rhotic vowels as well as consonants is important for a more comprehensive understanding of rhotic sound development in young children. Studies have shown that although both rhotic vowels and consonants are known to be later developed sounds than their non-rhotic counterparts in young children (e.g., Shriberg, 1993; Smit, Hand, Freilinger, Bernthal, & Bird, 1990) , rhotic vowels are known to be mastered earlier with fewer errors than rhotic consonants (Smit et al., 1990; Smit, 1993) .
In addition, while one of the most common error patterns for rhotic consonants is "gliding" to the [w] sound, and to a lesser extent, partial derhoticization or labialization (e.g., Smit, 1993) , the pattern of errors for rhotic vowels can vary depending on the phonetic context or pre-rhotic vowel element (Pollock, 2013) . This could suggest that although there is a rather consistent acoustic cue for marking rhotic sounds, the way children progress toward adultlike rhotic vowels could vary depending on the phonetic context. This study investigated the acoustic characteristics of rhotic monophthongs (stressed and unstressed) and four different rhotic diphthongs as produced by ten female adults. F3 values, as well as F2 values, were extracted across the vowel duration to examine changes in formant values over time. The term "vowel duration" in this paper indicates the duration of any pre-rhotic element as well as the rhotic element of each vowel. In addition, slopes of both F3 and F3-F2 were also examined to understand if certain phonetic contexts require more changes in vocal tract configuration than others. Lastly, vowel duration was also investigated across the different target vowels.
Specific research questions included:
Are there differences in vowel duration and acoustic characteristics of female adults' production of rhotic vowels: Table 1 .
Procedure
The speech samples were collected in a quiet room at the Uni- versity of Alberta. Target words were elicited using a picture naming task. Participants were asked to spontaneously produce each target word after viewing color pictures presented on a laptop screen.
Each target word was produced once for each speaker. Productions were recorded using a Shure WH20 head mounted microphone and a Marantz Professional PMD661 high quality audio recorder at a sampling rate of 44.1 kHz and with 16-bit quantization.
Acoustic analyses
The onset and offset of each target vowel were determined using the acoustic analysis software Praat (version 5. 
RESULTS
The set of acoustic values of the six target rhotic vowels are provided in Table 2 . This includes the average minimum F3, F3, and
• Acoustic Characteristics of Adults' Rhotic Vowels [ɝ]. However, the duration of vowels in closed syllables was influenced by the voicing of the final consonants, which usually yield longer vowels than those followed by voiceless word final consonants, as shown in Table 4 . The mean and standard deviation of vowel duration for each rhotic vowel in both open and closed syllables are summarized in Table 4 .
In summary, it was found that the characteristics of rhotic vowels differ by phonetic context: by complexity (monophthongs vs. and F3 is the main cue for rhoticity, this pattern could suggest that rhotic monophthongs and rhotic diphthongs with front pre-rhotic vowels could have more perceptually salient cues for rhoticity than those with back pre-rhotic vowels, especially /ɔ͡ ɚ/, which had the steepest downward movement. That is, rhotic diphthongs with back pre-rhotic vowels could be more challenging for young chil- Although further analysis with a larger data set could be more informative, we can offer some initial observations about the effect of phonetic context on the production of rhotic vowels. For example, the results of this study suggest that rhotic vowels in certain phonetic contexts could be easier to produce than those in other contexts that require steeper formant movement (thus, rapid changes in vocal tract configuration) or are shorter in duration. This information could be particularly informative in understanding rhotic vowel development in young children, especially children with speech sound disorders, who usually experience difficulty in producing rhotic sounds. Given that rhotic sounds are among the most challenging sounds for children to master, information on facilitating phonetic contexts could be useful in selecting specific rhotic vowels to be targeted first in intervention. In addition, second language learners of English, especially those whose native language does not have English-like /r/ phonemes (e.g., Korean), could use this information to target their rhotic vowel productions.
Lastly, these systematic analyses of different rhotic vowels could serve as reference data for understanding children's production of rhotic vowels. Further research will be carried out to evaluate the characteristics and development of rhotic vowels in young children.
